Children, adolescents, and adults with epilepsy often also show symptoms associated with attention-deficit/hyperactivity disorder (ADHD). The ketogenic diet, which is administered to children with epilepsy refractory to drug therapy, seems to improve behavior in individuals with symptoms of ADHD. The basis for this improvement is unknown, although it seems to be unrelated to seizure control. The present research was designed to investigate the effect of two ketogenic diets on the behavior of normal adult male rats. Two experiments were conducted. In experiment 1, 36 subjects were placed on one of three diets: a control diet, a 6.3:1 ketogenic diet, and a 4:1 ketogenic diet. In experiment 2, 20 subjects were placed either on a control diet or on a 4:1 ketogenic diet. The activity level of each subject was measured using an open field test. Time spent immobile, grooming, and in exploratory behavior was measured for 600 s. Subjects were tested once before initiation of the diets and once while on the diets. No significant group differences were found in activity level before initiation of the diets. After initiation of the diets, subjects in both ketogenic groups showed a significantly lower activity level than the rats on the control diet. The ketogenic diet decreases activity level in an animal model. This behavioral change may relate to the improved behavior seen when children with symptoms of ADHD are placed on the diet. Attention-deficit/hyperactivity disorder (ADHD) affects children, adolescents, and adults. The symptoms of the disorder include inattentiveness, impulsiveness, and overactivity (1). The cause of the disorder is unknown, although there is evidence that it is, in part, heritable (2-4). The most common treatment for ADHD is stimulant medication.
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Regardless of whether they meet DSM-IV (1) criteria for the disorder, children and adults with epilepsy often exhibit symptoms of ADHD (5) (6) (7) (8) (9) (10) . Both anecdotal reports (6, 11) and controlled studies (12) suggest that the ketogenic diet ameliorates symptoms of ADHD in individuals with epilepsy.
Attention (6, 11) , cognition (12, 13) , and behavior (6, 11, 12) have been reported to improve in individuals who have epilepsy and are on the ketogenic diet. The improvement in these domains seems to be unrelated to the level of seizure control attained (6) .
The ketogenic diet is a high-fat, low-carbohydrate, and low-protein diet (14, 15) . It is an effective treatment for intractable epilepsy (5, 11, 12) and has been found to be useful in controlling seizures that have proved to be unresponsive to drug treatment in both children and adults (15, 16) . The ketogenic diet has also been found to be effective in animal studies. It increases seizure threshold in several animal models of epilepsy (17) (18) (19) . Although the mechanism by which the diet controls seizures is unknown, it is thought that the low level of carbohydrate in the diet forces the brain to take up ketone bodies instead of glucose as a fuel (15, 20, 21) .
In the present research, the effect of two different ketogenic diets on activity level was compared with that of a control diet. A ketogenic diet with a ratio of fat to carbohydrate plus protein of 6.3:1 has been used extensively in animal experiments designed to examine the anticonvulsant properties of the diet (standard diet) (17, 18) . This diet's ratio of 6.3:1, however, is significantly higher than the ratio of 3:1 or 4:1 commonly used in patients who are treated with the ketogenic diet (15) .
Perhaps more important, the 6.3:1 diet also is not nutritionally balanced in relation to the control diet. In particular, the 6.3:1 diet is deficient, compared with the control diet, in the amounts of protein, minerals, and vitamins that it provides. When two groups that are fed a control diet and the 6.3:1 ketogenic diet are compared, it is not possible to attribute the differences observed to a particular feature of the diet, such as reduced levels of carbohydrate or increased level of fats. The anticonvulsive and behavioral effects of the original 6.3:1 diet may, in fact, be due to discrepancies in protein, mineral, or vitamin content. To address this concern, a ketogenic diet with the ratio of 4:1 that matches the control diet in protein, mineral, and vitamin content (balanced diet) was developed (22) (see Table 1 ). The only difference between the 4:1 balanced ketogenic diet and the control diet is the carbohydrate and fat content.
The present research was designed to determine the effect on activity level of two ketogenic diets with different fat, protein, and carbohydrate ratios. The use of the balanced 4:1 ketogenic diet in the present research controls for the possible effects of imbalanced vitamin, mineral, and protein intake on behavior. Evidence that a ketogenic diet can change activity level would lend some support to the idea that ADHD can be treated by changes in diet. Two separate experiments were conducted.
METHODS
The present research was conducted in accordance with the guidelines of the Canadian Council on Animal Care and with the approval of the Animal Care Committee of the Faculty of Medicine of the University of Toronto.
Subjects. Adult male rats that weighed between 250 and 300 g at the start of the experiment served as subjects (Charles River Canada, St-Constant, Quebec, Canada). Subjects were housed individually in a vivarium. The environment was kept at a constant temperature (21°C), and a 12-h light-dark cycle was maintained (lights on at 0700 and off at 1900 h).
Open field test. The open field test was used to determine whether there were any differences in activity level between the diet groups. The open field test has been used extensively to measure this variable (22) (23) (24) (25) . Testing was conducted between the 0900 and 1200. The open field consisted of a white box that measured 56 ϫ 61 cm. The box was cleaned out between subjects. Three behaviors were measured: exploratory behavior, grooming, and immobility.
Exploratory behavior included walking and rearing. Immobility was defined as time spent immobile with 3 feet on the ground. The number of seconds spent in each behavior was timed with a stop watch. Rats were tested for 10 min (600 s) each on two occasions: 1) 1, 2, or 3 d before initiation of the diets (and before fasting) and 2) after 17, 18, or 19 d on the diets. The test was administered as described previously by Murphy and Burnham (26) . The day of testing for each rat was randomly determined.
Experiment 1
Diets and diet groups. Subjects were 36 adult male Wistar rats. Subjects were given 3 wk to acclimate to the vivarium and then randomly divided into the following three diet groups: 1) a control diet group, 2) the standard 6.3:1 ketogenic diet group, and 3) a balanced 4:1 ketogenic diet group. Subjects were fasted for 48 h before being placed on the diets. All subjects then were allowed their diets and water ad libitum. The control diet was different from that usually consumed by the subjects.
Procedure for the open field test. Subjects were tested 1, 2, or 3 d before being placed on their respective diets and 17, 18, or 19 d after being placed on the diets. Day of testing was randomly determined.
Statistical analysis. Exploratory behavior and immobility were analyzed by means of a one-way ANOVA, both before and after initiation of the diets. Although grooming behavior was normally distributed before the diets were started, this was not the case at the second testing; therefore, this behavior (both tests) was analyzed by means of the Kruskal-Wallis one-way ANOVA on ranks.
Experiment 2
Diets and diet groups. Twenty adult male Wistar rats served as subjects. Two weeks after arrival from the breeding farm, subjects were randomly divided into two groups of 10 rats each. Subjects in the experimental group received the balanced 4:1 version of the ketogenic diet (22) . The composition of each diet is indicated in Table 1 . The 4:1 ketogenic diet is what is used most often clinically, and in human studies (11, 13, 16) . Rats in the control group received a control diet that was different from the usual diet of rat chow. Before being placed on their respective diets, subjects were fasted for 24 h.
Procedure for the open field. Subjects were tested 1 or 2 d before being placed on their respective diets and 18 or 19 d after being placed on the diets. Day of testing was randomly determined.
Statistical analysis. Grooming data were not normally distributed. The immobility data and the exploratory data were normally distributed. For enabling a comparison between all the measures, the Mann-Whitney rank sum test was used to analyze data obtained from each behavioral measure.
Exploratory behavior, immobility, and grooming were analyzed separately. Group weights were analyzed by means of the t test. The correlation between exploratory behavior and weight was calculated using the Pearson productmoment correlation coefficient. Results were considered significant at p ϭ 0.05.
RESULTS

Experiment 1.
The data related to the activity levels of the subjects before the initiation of the diets are presented in Tables 2  and 3 . As indicated, there were no significant differences found in The data related to activity levels of the subjects after initiation of the diets are also presented in Tables 2 and 3 . As indicated, the activity level of the rats on the two ketogenic diets was significantly lower than that of the rats on the control diet. The rats in both ketogenic diet groups spent significantly more time immobile and significantly less time in exploratory behavior than did the rats in the control group. Subsequent comparisons of the groups two at a time showed that the control group differed significantly from both ketogenic diet groups (p Ͻ 0.05). The ketogenic diet groups did not differ from each other (p Ͼ 0.05). The three groups did not differ in grooming behavior. Experiment 2. The data related to differences in behavior before initiation of the diet are presented in Table 4 . As indicated, there were no initial differences between the two groups in exploratory behavior or time spent immobile. The control subjects did spend slightly more time grooming than did the experimental animals, and this difference was significant.
The data related to differences in behavior after 18/19 d on the diets are presented in Table 4 . As indicated, the experimental animals spent significantly less time than the normal controls in exploratory behavior, significantly more time immobile, and significantly less time grooming.
The data related to group weights are present in 
DISCUSSION
In experiment 1, the three groups of rats did not differ on any behavioral measures before being placed on the diets. After 17, 18, or 19 d on the diets, however, the two ketogenic diet groups differed from the control group in spending less time in exploratory behavior and more time immobile. No group differences were found in grooming behavior. These results indicate that the rats in the two ketogenic groups became less active after being placed on the diets. The 6.3:1 and the balanced diet were equally effective. The ketogenic groups did not differ from each other.
Although it was not possible to ensure that subjects in all groups ate an equal amount of food, subjects were checked daily, and all animals remained in good health by all outward appearances throughout the experiment. The lower activity level of the rats on the ketogenic diets therefore do not seem to be attributable to poor health. Subjects were not weighed in this experiment, but any association between weight and activity level would have been strictly correlational, and no causal relationship could have been inferred from the data. No animal showed any signs of sedation or ataxia as described by Loscher et al. (27) .
In experiment 2, the animals on the ketogenic diet spent significantly less time in exploratory behavior than did the subjects on the control diet. Inversely, the subjects on the ketogenic diet spent significantly more time immobile than did the control subjects. There were no group differences in these behaviors before the subjects were started on their respective diets. The control rats spent more time grooming, but as this was the case both before and after initiation of the diets, this difference cannot be attributed to the ketogenic diet.
All subjects were kept in the animal colony and cared for by the staff of the Department of Medicine at the University of Toronto. All subjects were handled regularly by the researcher. None of the animals in either group showed any outward signs of ill health or odd behavior. As in the previous experiment none of the animals showed any signs of sedation or ataxia as described by Loscher et al. (27) .
The animals in experiment 2 were weighed both before being placed on the diets and after the second open field test while on the diets. No group difference in weight was found at either time point. Although a difference in weight could not have been used to explain the behavioral change, these results show that it was not a factor at all.
As stated, the animals in the present experiments did not show any outward signs of ill health. In an experiment on the behavioral effects of the ketogenic diet, Zhao et al. (28) did find the diet to have detrimental effects on body growth, brain growth, and cognitive functioning. Zhao et al. (28) , however, used a diet with a ratio of fat to carbohydrate and protein of 8.6:1. The present research used ketogenic diets with ratios of 6.3:1 and 4:1. The results of Zhao et al. (28) , therefore, cannot be compared with those of the present research. Zhao et al. also placed their subjects on the diets at approximately the age of weaning. In the present experiment, subjects were started on the diets as adults. The detrimental effects found by Zhao et al. (28) could have been due to the stress of being placed on a very high-fat diet at weaning. In any event, a number of experiments examining the effects of various ketogenic diets have reported no obvious ill effects on health (17, 18) . In addition, Bough et al. (18) found that a 6.3:1 diet does not seem to be neurotoxic.
An experiment conducted by Hori et al. (29) examined the effect of the 6.3:1 ketogenic diet on activity level using a mixed open field and novel/familiar objects test. The subjects were allowed to roam freely in the open field for a period of 60 s, during five trials on 4 consecutive days. The box was divided into 64 squares (each 7.6 ϫ 7.6), and the subjects were scored on number of rears, number of blocks crossed, and time spent investigating the objects. No difference in activity level between the diet groups was found.
Zhao et al. (28) also found no difference in activity level between rats on a ketogenic diet and rats on a control diet. Putting aside the issue of the 8.6:1 ketogenic diet used, Zhao et al. (28) tested for only 2 min on 2 consecutive days. In addition, only the number of squares crossed was used as a measurement of activity level.
In the present research, the open field test was scored differently. Probably the crucial difference from Hori et al. (29) and Zhao et al. (28) is that exploratory behavior (locomotion and rearing) was measured in time spent in the behavior rather than in number of squares crossed. This is important as the experimental rats did spend a large amount of time rearing and looking around. This is an active behavior, but no squares were being crossed. In addition, the present experiments tested the subjects in the open field for a longer period of time, perhaps giving the subjects time to adapt to the environment and permitting a better sample of pure activity level. Finally, in the present research, no novel objects were placed in the open field. The use of novel in the experiment of Hori et al. (29) may have disrupted the subjects' locomotory activity and interfered with measurement.
The anticonvulsant effects and the behavioral effects of the ketogenic diet may come about through different mechanisms. As previously discussed, seizure control and behavioral change seem to be separable (6, 12) . It has been suggested that ketosis is necessary to achieve seizure control, but this has not been proven. It may or may not be necessary to achieve ketosis to bring about behavioral change. The behavioral changes reported in the literature may simply be due to the low carbohydrate levels or high fat levels contained in the ketogenic diet. As the protein, mineral, and vitamin content of the modified 4:1 ketogenic diet used in the present experiments matched that of the control diet, any differences in behavior can be attributed to the reduced carbohydrate content or increased fat content of the ketogenic diet.
There has been considerable speculation that sugar (sucrose) may cause ADHD. Research has shown that parents and teachers believe that the ingestion of sugar can cause the symptoms associated with ADHD (30), although research has not supported this idea (31) (32) (33) (34) . The ketogenic diet, however, does not simply remove sugar from the diet; the level of all carbohydrates is drastically reduced from that contained in a normal diet.
Often, the studies investigating the link between ADHD and sugar have been designed to pit the effects of sugar against the effects of artificial sweeteners (32-34). The present research The results of the present experiment are in keeping with clinical research that has found an improvement in behavior in children and adults who are placed on the ketogenic diet for reasons of seizure control (6, (11) (12) (13) . The present research suggests that the ketogenic diet decreases activity level. Clinical research examining the behavioral effects of the ketogenic diet has shown an improvement in attention (6, 11) . The results from clinical studies and the present experiments suggest that individuals with ADHD might benefit from being placed on the ketogenic diet. It should be noted, however, that although a higher level of activity than normal is a symptom of ADHD and activity level has been studied in individuals with ADHD (35), activity level is not a specific model for the disorder.
The present experiment examined the effect of the ketogenic diet on adult animals, and it perhaps could be argued that the results cannot be generalized to children or adolescents. Clinical research has shown, however, significant improvements in behavior in children, adolescents, and adults on the diet. It does seem, then, that in humans, the diet can affect all age groups. It might also be argued that the body uses ketones differently at different ages and therefore the results cannot be generalized to different age groups. There is no evidence, however, that ketosis is necessary for a behavioral change.
There are considerations to placing individuals with behavioral problems on the diet. The diets with ratios of 4:1 or 3:1 are used only as a last resort in children with seizures that are refractory to drug therapy. Because of the high fat and low carbohydrate content, the diet is considered unpalatable and difficult to follow. In addition, there are potentially serious health problems associated with the diet (36) . Children with intractable epilepsy are kept on the diet for 2-3 y only (5). It may be possible, however, to design a less restrictive diet to treat ADHD, perhaps with a 2:1, 1:1, or even lower ratio of fat to carbohydrate plus protein.
Finally, it should be mentioned that Zhao et al. (28) found that rats that were placed on a 8.3:1 ketogenic diet exhibited decreased body growth, impaired brain growth, and impaired visual-spatial learning and memory. It should be noted, however, that this ratio of fat to carbohydrate and protein is unusually high and is not used clinically. Clinical research has found improvements in cognition in adults and children on the ketogenic diet (12, 13) . Further research is needed on the cognitive effects of the 4:1 diet.
